We report organometallic vapor-phase epitaxy ͑OMVPE͒ growth and optical characteristics of 1.17-1.20 m double-heterostructure laser diodes with three Ga 0.7 In 0.3 N 0.003 As 0.997 ͑7 nm͒/GaAs͑10 nm͒ quantum wells ͑GaInNAs/GaAs QWs͒. Three GaInNAs/GaAs QWs were successfully grown by OMVPE using dimethylhydrazine as the N precursor. Strong room-temperature photoluminescence at the 1.17-1.19 m regime with a full width at half maximum of 33 meV has been routinely achieved. By using three GaInNAs/GaAs QWs as the gain medium of the GaInNAs laser, room temperature operation with a threshold current density of 1.2 kA/cm 2 has been successfully demonstrated. © 1999 American Institute of Physics. ͓S0003-6951͑99͒02834-X͔ Recently, a semiconductor alloy, Ga 1Ϫx In x N y As 1Ϫy , which can be lattice matched or strained to a GaAs substrate, has been extensively studied by molecular beam epitaxy ͑MBE͒ 1,2 and organometallic vapor phase epitaxy ͑OMVPE͒, 3-5 since a great potential has been shown to realize long-wavelength edge-emitting laser diodes and vertical-cavity surface-emitting laser diodes in the 1.1-1.3 m regime with high-temperature performance for future low-cost and high-capacity optical data links. So far, there are many papers reported about epitaxial growth and material properties of GaNAs, 6, 7 GaNP, 8, 9 and GaInNAs.
and organometallic vapor phase epitaxy ͑OMVPE͒, [3] [4] [5] since a great potential has been shown to realize long-wavelength edge-emitting laser diodes and vertical-cavity surface-emitting laser diodes in the 1.1-1.3 m regime with high-temperature performance for future low-cost and high-capacity optical data links. So far, there are many papers reported about epitaxial growth and material properties of GaNAs, 6, 7 GaNP, 8, 9 and GaInNAs. [10] [11] [12] However, reports on OMVPE growth of almost 1.2 m GaInNAs laser diodes are very few. Sato and Satoh reported the room-temperature ͑RT͒ pulsed operation of 1.160 and 1.185 m OMVPE-grown laser diodes by using a latticematched GaInNAs bulk active layer 4 and two strained GaInNAs/GaAs quantum wells ͑QWs͒, 5 respectively. However, the threshold current densities (J th ) of these two structures were relatively high and they were 9.9 and 3.4 kA/cm 2 , respectively. Compared to GaInAs laser diodes, many studies reported that the J th of GaInNAs laser diodes exhibited an increased tendency with increasing N concentration and lasing wavelength, ascribed to the inferior crystalline quality of GaInNAs. 10, 11 To reduce the J th of long-wavelength (Ͼ1.1 m) GaInNAs laser diodes, a higher optical gain from QWs is highly desirable. In this letter, therefore, we present an attempt at improving the J th of an OMVPE-grown GaInNAs laser diode by introducing three Ga 0.7 In 0.3 N 0.003 As 0.997 ͑7 nm͒/GaAs͑10 nm͒ ͑GaInNAs/ GaAs͒ QWs.
We investigate the OMVPE growth and characterizations of three GaInNAs/GaAs QWs, and apply them to the laser diode structure similar to that of Sato and Satoh. 4, 5 Te memory effects on the optical properties of OMVPE-grown GaInNAs/GaAs QWs is briefly described. Optical characteristics of GaInNAs laser diodes using in situ hydrogen chloride ͑HCl͒ cleaning and OMVPE regrowth techniques are analyzed with a focus toward improving the J th . We successfully demonstrate the RT pulsed operation of as-cleaved GaInNAs laser diodes with a J th of 1.2 kA/cm 2 , and it is the lowest value among the GaInNAs ͑Refs. 1-4͒ laser diodes reported to date.
GaInNAs three-quantum-well ͑TQW͒ laser diodes were grown in an IR-heated, horizontal flow, Thomas Swan OMVPE reactor, equipped with a gas foil rotation system for substrate rotation. The typical rotation speed of a 2 in. substrate was 60 rpm. Pd-diffused ultra-high purity H 2 was used as the ambient and carrier gas. Three undoped GaInNAs/ GaAs QWs were grown at 535°C and 60 Torr using trimethylindium, trimethylgallium, 100% arsine (AsH 3 ), and dimethylhydrazine ͑DMHy͒. For the GaInNAs TQW laser diode structures, diethyltellurium ͑75 ppm diluted in H 2 ͒ and carbontetrachloride ͑508 ppm diluted in H 2 ͒, were used as Te-and C-doping precursors, respectively. The total gas flow rate was 12 l/min, and the typical growth rates of GaInNAs and GaAs were 5.4 and 8.0 Å/s, respectively. The ratio of DMHy/͑DMHyϩAsH 3 ͒ was typically fixed at 0.6. The In and N composition were determined by secondary ion mass spectroscopy ͑SIMS͒ and high-resolution x-ray diffraction measurements. Photoluminescence ͑PL͒, ellipsometry, SIMS, and light-current ͑L-I͒ characteristics were analyzed to evaluate the optical qualities of GaInNAs laser diodes.
With the optimum growth condition of GaInNAs, a series of samples with different periods (nϭ1 -3) of GaInNAs/GaAs QWs was investigated. The GaInNAs/GaAs QWs was grown on an N ϩ ͑100͒ GaAs substrate. Initially, a 200-nm-thick GaAs buffer layer was grown at 725°C, and then the growth temperature was decreased to 535°C for GaInNAs/GaAs QWs and a GaAs cap layer ͑50 nm͒. A typical RT PL result of three GaInNAs/GaAs QWs is shown in Fig. 1 . The PL wavelength for the three GaInNAs/GaAs QWs is observed at 1.186 m with a full width at half maximum ͑FWHM͒ of 33 meV, indicating the quality of these QWs is excellent. The PL intensity as a function of the pe-riods of GaInNAs/GaAs QWs is shown in the inset of Fig. 1 . It is apparently shown that the RT PL intensity increases linearly with increasing the periods of GaInNAs/GaAs QWs. This experimental result demonstrates that the J th of GaInNAs laser diodes can be effectively reduced by introducing the three GaInNAs/GaAs QWs. The refractive index of strained Ga 0.7 In 0.3 N 0.003 As 0.997 was measured to be 4.22 by ellipsometry and simulations. 13 The ellipsometric analysis of the three GaInNAs/GaAs QWs is based on the double-layer model developed by So. 14 The derived refractive index of strained GaInNAs is much larger than that of GaAs, AlGaAs, and InGaP, which enables GaInNAs to be favorable as the active region for long-wavelength (Ͼ1.1 m) lasers. Figure 2 illustrates the layer structure of a GaInNAs TQW laser diode grown on an N ϩ GaAs substrate oriented 6°off ͑100͒ towards ͗111͘A in the following sequence: 19 cm Ϫ3 ͒. The active region consists of three strained Ga 0.7 In 0.3 N 0.003 As 0.997 ͑7 nm͒/GaAs͑10 nm͒ QWs sandwiched between two 140-nm-thick undoped GaAs waveguide layers.
The epitaxial layers described above were then processed into a ridge-waveguide structure with a cavity length of 500 m and a stripe width varying from 2 to 15 m. We found that the J th decreased rapidly with increasing the stripe width, mainly due to reduced scattering loss around the ridge. The J th was found to be saturated around 6 kA/cm 2 when the stripe width is approaching 15 m. Figure 3 shows the light output power versus injected current characteristics of a GaInNAs TQW laser diode, labeled sample A, with a stripe width of 15 m at RT under pulsed operation with 0.04 s pulse, 0.25% duty cycle. The J th is ϳ6 kA/cm 2 . The lasing spectrum of the GaInNAs TQW laser is shown in the inset of Fig. 3 . The threshold current is 450 mA corresponding to the J th of ϳ6 kA/cm 2 . The peak lasing wavelength is about 1.187 m. So far, the longest lasing wavelength achieved in this study is 1.195 m. Although significant scattering loss presents in the ridge-waveguide structure, the J th of this GaInNAs TQW laser diode, however, is not as good as expected and can be elucidated from the following PL results.
A systematic PL study was investigated to explore the cause of high J th in sample A. of waveguide layers and QWs. Sample B was nominally the same as sample A except all epilayers were intentionally undoped. As shown in Fig. 4 , the PL intensity of sample A is very weak compared to sample B. SIMS results 15 show that ϳ0.3-2ϫ10 20 cm Ϫ3 Te atoms exist in the QWs of sample A, possibly attributed to the desorption of DETe from the stainless tube walls, the quartz reactor walls, or the graphite susceptor during the low-temperature growth of QWs, since Te has a tendency to incorporate at lower growth temperatures.
To circumvent the Te memory effect, sample C was grown by using in situ cleaning and regrowth techniques. The growth was stopped after the deposition of a 20-nmthick lower GaAs waveguide layer. The sample was then transferred into the N 2 ambient glovebox with a dew point lower than Ϫ65°C, corresponding to approximately 2.5 ppm H 2 O in N 2 . Finally, in situ cleaning quartz reactor and susceptor under HCl was carried out at 830°C for 20 min, followed by the regrowth of undoped lower GaAs waveguide ͑120 nm͒, three GaInNAs/GaAs QWs, undoped upper GaAs waveguide ͑140 nm͒, upper p-AlGaAs cladding ͑1.4 m͒, and p ϩ -GaAs cap ͑100 nm͒ layers. The PL intensity of sample C shows almost an order of magnitude higher than that of sample A, and is comparable to that of sample B, indicating the unintentional Te incorporation in the QWs was effectively eliminated. Figure 5 shows the measured RT L -I characteristics of a regrown GaInNAs TQW laser diode, sample C, under pulsed operations with a 0.3 s pulse, 3% duty cycle. The stripe width and the cavity length were 63 and 1000 m, respectively. The threshold current of sample C was about 750 mA, corresponding to a J th of 1.2 kA/cm 2 . This is a low reported RT J th for an as-cleaved OMVPE-grown Ga 1Ϫx In x N y As 1Ϫy laser (J th у3.4 kA/cm 2 ) with an emitting wavelength longer than 1.15 m. The characteristic temperature T 0 , of the GaInNAs TQW laser diode was ϳ127 K, determined from the measurement of J th from 0 to 50°C. These data are very close to the Kondow et al. result. 1 More details on optical characteristics of these laser diodes will be reported elsewhere. 16 In summary, the optical properties of OMVPE-grown Ga 0.7 In 0.3 N 0.003 As 0.997 TQW laser diodes have been investigated. Significant amounts of Te (0.3-2ϫ10 20 cm
Ϫ3
) were found in unintentionally doped GaInNAs/GaAs QWs, resulting in the poor optical properties of GaInNAs laser diodes. The longest lasing wavelength of GaInNAs laser achieved in this study is ϳ1.2 m. We have successfully improved the optical performance of GaInNAs laser diodes by using in situ HCl etching and OMVPE regrowth techniques to eliminate Te carryover in the QWs. Room-temperature pulsed operation of GaInNAs laser diodes with a J th of 1.2 kA/cm 2 and a T 0 of ϳ127 K have been successfully demonstrated. These results are the best values reported for the 1.17-1.20 m OMVPE-grown Ga 1Ϫx In x N y As 1Ϫy laser diodes with comparable device structures.
